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We explore coherent multi-photon processes in 87Rb133Cs molecules using 3-level lambda and
ladder configurations of rotational and hyperfine states, and discuss their relevance to future ap-
plications in quantum computation and quantum simulation. In the lambda configuration, we
demonstrate the driving of population between two hyperfine levels of the rotational ground state
via a two-photon Raman transition. Such pairs of states may be used in the future as a quantum
memory, and we measure a Ramsey coherence time for a superposition of these states of 58(9) ms. In
the ladder configuration, we show that we can generate and coherently populate microwave dressed
states via the observation of an Autler-Townes doublet. We demonstrate that we can control the
strength of this dressing by varying the intensity of the microwave coupling field. Finally, we perform
spectroscopy of the rotational states of 87Rb133Cs up to N = 6, highlighting the potential of ultra-
cold molecules for quantum simulation in synthetic dimensions. By fitting the measured transition
frequencies we determine a new value of the centrifugal distortion coefficient Dv = h× 207.3(2) Hz.
Coherent control of complex quantum systems is of great
importance for the development of new quantum technolo-
gies. Ultracold polar molecules are one such system which
has attracted much interest, motivated by the combination
of rich internal molecular structure and the accessibility
of strong dipole-dipole interactions. These properties have
led to many proposals for using ultracold polar molecules
for quantum computation [1–7], quantum simulation [8–13],
quantum-state controlled chemistry [14–19], and precision
measurement of fundamental constants [20–30]. A number
of experiments have successfully generated trapped gases of
polar molecules at ultracold temperatures either by associa-
tion of pre-cooled atomic gases [19, 31–39] or by direct laser
cooling [40–49]. Most recently, the former method was used
to create the first Fermi-degenerate gas of ultracold polar
molecules [50].
The vast majority of the proposed applications of ul-
tracold molecules utilise the rotational and hyperfine de-
grees of freedom, which together form a large and rich in-
ternal space. Using a pair of rotational states connected
via a non-zero transition dipole moment leads to effective
spin-exchange interactions [51], opening up applications in
the simulation of quantum magnetism [8, 9, 12, 52–55].
Long-range interactions between molecules can also be en-
gineered by preparing superpositions of rotational states,
using either microwave or DC electric fields. Under such
conditions, molecules confined in an optical lattice where
tunneling between sites is possible are predicted to exhibit
a range of novel quantum phases [10, 11, 13, 56–59]. It is
also possible to use hyperfine levels of the rotational ground
state of polar molecules as a quantum memory. Here the
molecules do not interact via the dipole-dipole interac-
tion and long coherence times for superpositions of these
states are possible [60]. Coupling such states to strongly-
interacting levels in the molecule enables quantum-gate op-
erations and applications in quantum computation. More-
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over, by introducing large numbers of hyperfine or rota-
tional states we can use the molecules as multi-level qudits,
greatly expanding the computational space and improving
scalability [6]. Furthermore, it has recently been proposed
that the rotational states of polar molecules may be used to
engineer fully controllable synthetic dimensions to experi-
ments [61, 62]. With these applications in mind, a number
of groups, including our own, continue to develop the nec-
essary techniques to coherently control and fully exploit the
internal degrees of freedom of molecules [16, 63–66].
In this paper, we present multi-photon coherent con-
trol of the hyperfine and rotational states of ultracold
87Rb133Cs molecules (hereafter RbCs). We first study a
three-level lambda-type configuration, and show that by
detuning both driving fields from resonance we can drive
Raman transitions between hyperfine levels of the rota-
tional ground state. Using Ramsey interferometry, we
confirm the generation of coherent superpositions of these
states through the observation of high-contrast fringes. We
then consider a three-level ladder-type system; by setting a
strong driving field on resonance, and using a second weak
field as a probe, we observe an Autler-Townes doublet indi-
cating the controlled production of coherent dressed states.
In search of a larger Hilbert space, we demonstrate through
a sequence of microwave transfers that we can coherently
populate rotationally excited states up to N = 6. Taken to-
gether, these developments lay the foundations for the use
of RbCs for quantum simulations and illustrate the poten-
tial of ultracold molecules as a platform for new quantum
technologies.
I. THEORY
We begin with a brief overview of the relevant theory to
describe the rotational and hyperfine structure of 1Σ di-
atomic molecule in the vibronic ground state. In an exter-
nal magnetic field, this structure is described by a Hamil-
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2tonian comprised of three terms [67, 68]:
HRbCs = Hrot +Hhf +HZeeman. (1)
Here Hrot describes the rotational structure, Hhf describes
the hyperfine structure and HZeeman describes the interac-
tion between the molecule and an external magnetic field.
We can write these terms explicitly [67–70]:
Hrot = BvN
2 −DvN2 ·N2, (2a)
Hhf =
∑
j=Rb,Cs
eQj · qj − c3
√
6T 2(C) · T 2 (ICs, IRb)
+ c4IRb · ICs +
∑
j=Rb,Cs
cjN · Ij ,
(2b)
HZeeman = −grµNN ·B −
∑
j=Rb,Cs
gj (1− σj)µNIj ·B.
(2c)
The rotational contribution Hrot (2a) is defined by the
rotational angular momentum operator N , and the ro-
tational and centrifugal distortion constants, Bv and Dv.
The hyperfine contribution Hhf (2b) consists of four terms.
The first describes the electric quadrupole interaction and
represents the interaction between the nuclear electric
quadrupole of nucleus j (eQj) and the electric field gra-
dient at the nucleus (qj). The second and third terms
represent the tensor and scalar interactions between the
nuclear magnetic moments, with tensor and scalar spin-
spin coupling constants c3 and c4 respectively, and IRb,
ICs are the vectors for the nuclear spin of
87Rb and 133Cs
respectively. The fourth term is the interaction between
the nuclear magnetic moments and the magnetic field gen-
erated by the rotation of the molecule, with spin-rotation
coupling constants cRb and cCs. Finally, the Zeeman contri-
bution HZeeman (2c) consists of two terms which represent
the rotational and nuclear interaction with an externally
applied magnetic field. The rotation of the molecule pro-
duces a magnetic moment which is characterized by the
rotational g-factor of the molecule (gr). The nuclear inter-
action similarly depends on the nuclear g-factors (gRb, gCs)
and nuclear shielding (σRb, σCs) for each species. We use
the constants tabulated by Gregory et al.[64] when calcu-
lating the energy levels and eigenstates of HRbCs (1).
At zero magnetic field, the quantum states of RbCs are
well described by the quantum numbers (N,F ). Here N is
the rotational quantum number and the associated energy
is BvN(N+1), which leads to splittings between neighbour-
ing rotational states in the microwave domain (for RbCs,
Bv ≈ 490 MHz). F is the resultant from the addition of
the rotational angular momentum and the nuclear spins
(IRb = 3/2 and ICs = 7/2). In the ground rotational state,
N = 0, there are four values of F : 2, 3, 4, and 5. Applying
a magnetic field splits each state F into separate Zeeman
sublevels labelled by MF , the projection of F along the
space-fixed axis defined by the magnetic field (from now on
we label this the z-axis). In RbCs, this results in each rota-
tional state N being comprised of 32× (2N + 1) hyperfine
Zeeman sub-levels. In the limit of large magnetic fields,
the rotational and nuclear angular momenta decouple and
the hyperfine Zeeman sub-levels become uniquely identi-
fied by the quantum numbers (N,MN ,mRb,mCs), where
MN ,mRb,mCs are the projections of the rotational angular
momentum of the molecule and the nuclear spins, respec-
tively. The experiments we present in this work take place
at a magnetic field of 181.5 G. This field is not high enough
to decouple the rotational and nuclear angular momenta,
and the only good quantum numbers available are N and
MF . As this is not sufficient to uniquely identify a given
hyperfine state, we label hyperfine states in the molecule
by (N,MF )k where k is an index counting up the states in
order of increasing energy, such that k = 0 is the lowest
energy state for given values of N and MF .
Transitions between rotational states can be driven by
microwave fields with resolved hyperfine sub-levels. The
transitions that are electric dipole allowed are those where
∆N = 1 and ∆MF = 0,±1. The strength of the transition
is determined by the transition dipole moment
µi,j = 〈ψi|µ |ψj〉 , (3)
where the components (µzi,j ,µ
+
i,j ,µ
−
i,j) of µi,j describe the
strength of pi, σ+ and σ− transitions respectively.
II. EXPERIMENTAL APPARATUS
Our experimental apparatus and methodology has been
discussed in detail elsewhere [33, 71–75] and so only a
short summary is given here. We produce RbCs molecules
from an ultracold mixture of 87Rb and 133Cs atoms using
magnetoassociation on an interspecies Feshbach resonance
at 197 G [72, 76, 77]. Evaporative cooling of the atomic
gases and the association take place in a crossed optical
dipole trap, which operates at a wavelength λ = 1550 nm.
The optical dipole trap light is linearly polarised such
that the polarisation is parallel to the applied magnetic
field. The molecules are transferred to the MF = 5 hy-
perfine sub-level of the X1Σ (v = 0, N = 0) rovibrational
ground state using stimulated Raman adiabatic passage
(STIRAP) [33, 73, 75, 78]. To avoid spatially-varying AC
Stark shifts the STIRAP is performed in free-space [75]. At
our operating magnetic field of 181.5 G, the MF = 5 hy-
perfine sub-level is the lowest in energy and is therefore the
absolute ground state of the molecule. We detect molecules
by reversing the creation process and imaging the resulting
atomic clouds. As such, only molecules that undergo a sec-
ond STIRAP sequence are imaged. Because the STIRAP
process is state-selective we can only image molecules in
the X1Σ (v = 0, N = 0, MF = 5) hyperfine sub-level.
We coherently drive transitions between pairs of rota-
tional states with controlled microwave pulses[64]. The
lowest frequency microwaves we require are for the transi-
tion between the ground and first-excited rotational states.
These microwaves have a frequency of 2 × Bv ≈ 980 MHz.
To drive this transition we use a pair of homebuilt quarter-
wavelength monopole antennas oriented perpendicularly to
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Figure 1. One- and two-photon Rabi oscillations in the 3-level
lambda system. (a) The energy level configuration used. The
coloured lines b, c and d correspond to the transitions shown in
(b-d). The dotted line indicates the ∆/2pi = 40 kHz detuning
used for the Raman transition. (b) Resonant one-photon Rabi
oscillations on the |0〉 → |1〉 transition. (c) Resonant one-photon
Rabi oscillations on the |1〉 → |2〉 transition. (d) Two-photon
Rabi oscillations on the Raman transition between |0〉 and |2〉.
The loss of molecules with increasing pulse time is due to the
untrapped molecules leaving the the detection region. An in-
dependent measurement of the loss of molecules is indicated by
the dashed line.
one another i.e. one is oriented along z and the other in
the x-y plane. In free space these antennas would emit
microwaves linearly polarised along their length, however
finite-element method modelling indicates that when placed
into our apparatus they both emit a significant z-polarised
component due to the boundary conditions imposed by
the surrounding magnetic field coils. Access to higher ro-
tational states requires higher frequency microwaves, for
which we use a broadband microwave horn (Atlantec-rf AS-
series). The microwaves propagate from the horn towards
the molecules at an angle of approximately 30◦ from z, such
that it can drive pi, σ+ and σ− transitions. The microwave
signals are generated by commercial signal generators (a
pair of Keysight MXG N5183B and an Agilent E8257D),
which are synchronised to a common 10 MHz GPS refer-
ence (Jackson Labs Fury) and connected to 3 W ampli-
fiers. We define the power input to the antennas as the
power output by the amplifiers. Pulses are generated us-
ing either the built-in pulse modulation mode on the sig-
nal generators or an external switch, and are controlled
by transistor-transistor logic (TTL) signals derived from a
field programmable gate array (FPGA) with microsecond
timing resolution.
III. RAMAN TRANSITIONS IN A 3-LEVEL
LAMBDA SYSTEM
We begin our investigations by studying a 3-level lambda
configuration of states, consisting of two hyperfine levels
of the rotational ground state coupled to a common ro-
tationally excited state. The initial ground state |0〉 =
|N = 0,MF = 5〉0 is fixed by the STIRAP, and to form the
lambda system, we choose |1〉 = |1, 5〉0 and |2〉 = |0, 4〉1 as
depicted in fig. 1(a). The state |1〉 is chosen as it is the
lowest energy hyperfine level of N = 1, which simplifies
the scheme and enables detuning of the microwaves with-
out the risk of off-resonant excitation of other transitions.
The state |2〉 is subsequently chosen to maximise the rel-
evant coupling to the rotationally excited state µ1,2. The
full state compositions of |0〉 , |1〉 and |2〉, in the uncoupled
basis, are given in Appendix A
This type of system is promising for the initialisation of
a quantum memory, where the two hyperfine levels of the
rotational ground state |0〉 , |2〉 define the stored qubit. For
a quantum memory to be effective, long-lived coherence is
required. These states are well suited for this, as molecules
stored in these states experience the same polarisability,
leading to the possibility of long coherence times in optical
traps[60, 79, 80]. In contrast, for qubits constructed from
two different rotational states, differential ac Stark shifts
arising from the anisotropy of the polarisability are typi-
cally the primary cause of decoherence for optically trapped
molecules[81–83].
We first demonstrate one-photon coherent control in this
system. In fig. 1(b) we show the one-photon Rabi oscilla-
tions resulting from driving the |0〉 → |1〉 transition. The
microwaves are set on resonance with the transition, with
frequency f = 980.231 MHz, and we measure a Rabi fre-
quency Ω0,1/2pi = 7.95(3) kHz. To drive the |1〉 → |2〉
transition, we first transfer the population to |1〉 using a
pi-pulse on |0〉 → |1〉. We then pulse on the microwaves res-
onant with |1〉 → |2〉, f = 980.039 MHz, for a variable time
before returning the population back to |0〉 for detection
using a second pi-pulse on |0〉 → |1〉. The resultant Rabi
oscillations are shown in fig. 1(c), and we measure a Rabi
frequency Ω1,2/2pi = 10.23(7) kHz.
To properly initialise the quantum memory it is impor-
tant that the states can be prepared without populating
|1〉, as partially populating states in N = 1 introduces an
additional mechanism for dephasing due to the differential
polarisability. In order to achieve direct coupling between
|0〉 and |2〉 we employ a two-photon Raman transition. To
drive the Raman transition between |0〉 → |2〉, we intro-
duce a one-photon detuning of ∆ = 2pi × 40(2) kHz 
Ω0,1,Ω1,2, but remain on two-photon resonance. By pulsing
both microwave fields on simultaneously, we observe two-
photon Rabi oscillations with an effective Rabi frequency of
Ω
′
0,2/2pi = 691.4(1.8) Hz as shown in fig. 1(d). As the spec-
troscopy is performed in free-space, the sample expands due
to its thermal energy and falls due to gravity. This leads
to a perceived loss as a function of time as molecules exit
the imaging volume defined by the waists (about 30µm)
of the STIRAP beams. The dashed line shown in fig. 1(d)
indicates the number of molecules remaining in the detec-
tion region, as measured independently with no microwaves
present. The Rabi oscillations we observe are highly coher-
ent, with no significant loss of contrast during the avail-
able interrogation time. The two-photon effective Rabi fre-
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Figure 2. Ramsey fringes observed between |0〉 = |0, 5〉0 and|2〉 = |0, 4〉1, in the 3-level lambda system shown in fig. 1(a).
A two-photon Raman pi/2-pulse of duration 361.5 µs is used
to generate a superposition of |0〉 and |2〉 in free-space. The
molecules are recaptured in the optical dipole trap where we al-
low the superposition to evolve for a time T . Following this time,
a second pi/2-pulse, identical to the first, is used to project the
phase relative to the microwave field onto the population in |0〉.
The Ramsey fringes decay with a 1/e time of T2 = 58(9) ms.
The total number of molecules reduces over the course of the
measurement with a 1/e time T1 = 0.48(11) s due to optical
excitation of two-body complexes formed during molecular col-
lisions [84]. The dashed line indicates the associated expected
decay in the number of molecules in |0〉 in the absence of any
coherence. The 60.1(6) Hz oscillation frequency of the fringes
shown here indicates that the microwave fields are not two-
photon resonant, and enables high-precision measurement of the
energy of the hyperfine sub-levels.
quency we can achieve is currently limited by the available
microwave power and the need to avoid coupling to other
nearby states in the molecule.
To test the coherence, we create a superposition of |0〉
and |2〉 by using a pi/2 pulse with duration 361.5 µs. The
molecules are then recaptured by turning on the optical
dipole trap for a time T , during this time the superposition
is allowed to evolve freely. Following the hold, we perform
another pi/2 pulse. This projects the phase of the prepared
superposition onto the populations of the states, which we
read out by measuring the number of molecules N(T ) in
state |0〉. The resulting Ramsey fringes are shown in fig. 2.
We fit a model to our data which accounts for both colli-
sional loss of molecules and dephasing of the superposition,
N(T ) = Ni
(
1
1 + TT1 × [e− 1]
)
×1
2
×
[
e−T/T2 cos(δT + φ) + 1
]
.
(4)
Here, Ni is the initial total number of molecules, T1 is the
1/e lifetime for molecules in the trap, T2 is the 1/e de-
phasing time, and δ and φ are the frequency and phase
of the Ramsey fringes. Our measured value of T1 is
0.48(11) s, this is consistent with a lifetime limited by
fast optical excitation of long-lived two-body collision com-
plexes [84, 85]. The fringes we observe indicate a two-
photon detuning of our microwaves of δ/2pi = 60.1(6) Hz.
The small uncertainty in this measurement of the detun-
ing shows how this technique can be used to measure the
relative energies between hyperfine states to sub-Hz pre-
cision. Combined with the known frequencies of our mi-
crowaves, we measure an energy difference between |0〉 and
|2〉 of h × 201.043 8(6) kHz, which is consistent with the
theoretical prediction of h× 201.3(1.2) kHz. The superpo-
sition decoheres with a 1/e time of T2 = 58(9) ms. This
is two orders of magnitude longer than the longest coher-
ence time we have previously measured for superpositions
of different rotational states [83].
A differential Zeeman shift between |0〉 and |2〉 is likely
the primary cause for decoherence in our experiment. To
quantify this source of decoherence we calculate the differ-
ential magnetic moment
∆µmag = 〈0|µz |0〉 − 〈2|µz |2〉 , (5)
where
µz = −grµNN · zˆ −
∑
j=Rb,Cs
gj (1− σj)µNIj · zˆ, (6)
is the component of the magnetic moment that lies along
the magnetic field. For our chosen states the differen-
tial magnetic moment is h× 1.3 kHz G−1. We estimate
that the magnetic field stability in our experiment is about
10 mG. This translates to a frequency stability for the tran-
sition of 13 Hz, or a coherence time of 77 ms, in agreement
with our observations. Park et al. have studied a similar
configuration of states in 23Na40K molecules[60]. In their
system, the differential Zeeman shift is an order of mag-
nitude smaller than in our experiments and they observe
a correspondingly longer coherence time. To increase the
coherence time of the superposition between two hyperfine
sub-levels in RbCs we should therefore look for a pair of
states that have the smallest possible differential magnetic
moment. At 181.5 G our calculations indicate that a su-
perposition of (0, 4)1 and (0, 3)0 has a differential magnetic
moment of h× 71 Hz G−1 which, with our current level of
magnetic field stability, would lead to a coherence time of
250 ms.
IV. AUTLER-TOWNES IN A 3-LEVEL LADDER
SYSTEM
We now consider a 3-level ladder configuration of states
and demonstrate the generation of coherent dressed states
via the observation of an Autler-Townes doublet. This con-
figuration has several applications. Gorshkov et al.[52, 53]
have shown theoretically that pairs of coherently dressed
states in molecules can be used as spin-states to realise
a wide range of highly tunable t-J-V -W models, featur-
ing long-range spin-spin interactions Jz and J⊥ of XXZ
type, long-range density-density interactions V , and long-
range density-spin interactions W . The interactions in
these models are controlled by tuning a combination of the
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Figure 3. Autler-Townes spectroscopy in the 3-level ladder sys-
tem, (N,MF )i = (0, 5)0 ↔ (1, 6)0 ↔ (2, 7)0. (a) The number
of molecules remaining in (0, 5)0, while varying the frequency
of the probe field weakly coupling the (0, 5)0 → (1, 6)0 transi-
tion (Ω01/2pi = 5.2(1) kHz). Three measurements are shown,
labelled (i) to (iii), demonstrating the effect of increasing the
strength of the (1, 6)0 ↔ (2, 7)0 coupling field. The solid lines
are fits to (8), with Ω12 and ∆12 as free parameters. The fitting
reveals that the asymmetry observed in the spectra is explained
by a coupling-field detuning of ∆12/2pi = −1.7(5) kHz. (b) The
Rabi frequencies Ω12, as a function of the input power to the
microwave horn.
microwave dressing fields and a DC electric field. In addi-
tion, it has been shown that microwave dressing can be used
to modify the rate of collisions between pairs of molecules,
causing resonant alignment of molecules as they approach
each other during a collision, and leading to strong attrac-
tive forces[86]. It has been predicted that microwave dress-
ing can also be used to suppress collisional losses, by using
circularly-polarised microwaves to engineer repulsive long-
range interactions between the molecules to prevent pairs
of molecules reaching short-range[87, 88].
We construct the ladder using the spin-stretched states
|0〉 = |0, 5〉0, |1〉 = |1, 6〉0 and |2〉 = |2, 7〉0. As previously,
the molecules are initialised in |0〉 by the STIRAP. We dress
the initially unpopulated state |1〉 with a component of |2〉
using microwaves near-resonant with the |1〉 → |2〉 transi-
tion. To probe the dressed state, we use spectroscopy on
the |0〉 → |1〉 transition. In fig. 3(a) we show spectroscopy
of the dressed rotational state for increasing power on the
|1〉 → |2〉 transition.
We model the interaction of the molecule with the mi-
crowave field using a simplified three-level Hamiltonian
Hˆ3-level =
~
2
 0 Ω01 0Ω01 −2∆01 Ω12
0 Ω12 −2(∆12 −∆01)
 , (7)
where Ωjk and ∆jk are the Rabi frequency and detuning
of the field driving the |j〉 → |k〉 transition. We measure
Ω01/2pi = 5.2(1) kHz by direct observation of Rabi oscil-
lations. We fit our results for the population remaining in
|0〉 as a function of ∆01 with a numerical solution to the
Schro¨dinger equation
d
dt
|ψ〉 = − i
~
Hˆ3-level |ψ〉 , (8)
where Ω12 and ∆12 are free parameters in the fitting.
As the power is increased we observe a clear splitting be-
tween the two dressed states that increases with the square-
root of power, shown in fig. 3(b), as is expected for an
Autler-Townes doublet. The maximum amount of power
we can supply to the microwave horn is limited by the 3 W
amplifiers. At maximum power, we observe a splitting of
Ω12 = 15.3(3) kHz. We also note that there is a slight
asymmetry in the observed lines. This is caused by a small
detuning, ∆12 = −1.7(5) kHz, of the coupling field.
We can interpret the results presented here in the con-
text of a quantum simulation of a single particle in a 1D
lattice consisting of only two sites. In this language the
states |1〉 and |2〉 represent the sites of the lattice, rep-
resented by the synthetic dimension constructed from the
rotational states of the molecule. The value of | 〈ψ| |1〉 |2
describes the occupation probability of a particle on site
|1〉, and Ω12 describes the tunnelling rate between |1〉 and
|2〉. The detuning ∆12 introduces an on-site energy to the
state |2〉 and so we understand our overall system as a tilted
lattice. By scanning the probe microwave field we are then
able to view the ”many-body” spectrum of the simulation,
revealing both the energy of a valence and conduction band
and their populations. Because we only coupled two states
together the two “bands” we observe are individual states.
It is expected that as the number of states coupled together
is increased the size of these bands should grow.
V. EXPLORATION OF HIGHER ROTATIONAL
STATES
The large number of rotational states available in
molecules is highly attractive for the implementation
of quantum simulation schemes which utilise synthetic
dimensions[89, 90]. Synthetic dimensions realised in atomic
systems have so far been restricted to at most three
states[91–94], where the limit is set by the number of atomic
hyperfine states available. For ultracold molecules however,
it is predicted that a synthetic dimension consisting of hun-
dreds of rotational states is feasible[61]. Furthermore, Sun-
dar et al. have shown that combining real and synthetic di-
mensions in systems of ultracold polar molecules can lead to
the appearance of quantum strings or membranes [61, 62].
Extension of the synthetic dimension beyond the two
sites we have achieved requires the simultaneous coupling
of greater numbers of rotational states. In this section,
we therefore report spectroscopy and coherent population
transfer up to the N = 6 rotationally excited state. We
choose to focus on the transitions to spin-stretched states,
where MN , mRb and mCs all take their maximum value.
The primary reason for choosing these states is that they
are insensitive to fluctuations in the magnetic field; the
magnetic moments differ only by the contribution from
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Figure 4. The sequence used to perform spectroscopy of
(N,MF )i = (6, 11)0. The sequence is broken into three seg-
ments. The “initialisation” segment involves the transfer from
(0, 5)0 to (5, 10)0 using a series of pi-pulses. Each microwave
pi-pulse is labelled by the target rotational state. Pulses pro-
duced by microwave source A are shown in yellow, source B in
blue, and source C in green. The microwave pulse generated
by source C during the second “spectroscopy” segment has a
variable frequency and/or duration. The final “return” segment
transfers any molecules remaining in (5, 10)0 back to (0, 5)0 for
detection. Between microwave pulses generated from the same
source, the optical trap is switched on for 5 ms. This prevents
the molecules from being lost during the time needed to switch
the microwave frequency between pulses.
MN . The differential moment between states is therefore
grµN ≈ h× 5 Hz G−1. We also note that if we were able to
generate suitably polarised microwaves at the position of
the molecules, using the spin-stretched states would allow
off-resonant excitations to be completely negated.
To access a given rotational state N ′ we first perform a
series of coherent pi-pulses to N ′− 1, as illustrated in fig. 4
for the case of transfer to N = 5. Each microwave transfer
is performed in free-space to remove differential AC Stark
shifts which would vary spatially across the cloud. Two
separate microwave sources are used to drive the trans-
fers N = 0 ↔ 1 (source A, shown as yellow in fig. 4) and
1 ↔ 2 (source B, blue in fig. 4). This allows us to trans-
fer to N = 2 using two sequential pi-pulses with no hold
time in between. The microwaves for transfer to all states
N ≥ 2 are generated by source B. For this reason, after
transfer to N = 2, we recapture the molecules in the op-
tical dipole trap for 5 ms to allow for the output of the
signal generator to switch to the next frequency required.
This sequence of microwave transfer and trap recapture is
then repeated until the molecules occupy the desired ro-
tational state. For each recapture, we tune the intensity
of the trap to maintain the same trap parameters, com-
pensating for the difference in polarisability between the
different rotational states [79, 80]. For a typical transfer,
the dipole trap is switched off for < 500µs, which is short
enough that we do not observe significant molecule losses
associated with the switching; the trap frequencies in the
trap are (ωx, ωy, ωz)/(2pi) = (28, 113, 111) Hz.
Once molecules occupy the state N ′ − 1, we perform
spectroscopy of N ′ using a microwave pulse of variable fre-
quency controlled by a third microwave source (source C,
shown as green in fig. 4). The duration and intensity of
the spectroscopy pulse is set to be both less than a pi-pulse
when close to resonance and long enough that the Fourier
width is significantly less than the approximately 50 kHz
spacing between adjacent transitions. As we can only im-
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Figure 5. Spectroscopy of higher rotational states. (a) Breit-
Rabi diagram for the hyperfine and Zeeman structure of the
rotational states N ≤ 6. The red lines indicate the sub-levels
for which MF has a maximal value. Blue (green) lines indicate
states where MF is one (two) units less than the maximum value
for a given N . It is possible to couple to these states if either
the microwave frequency or polarisation is not controlled. The
points indicate the measured energies from the spectroscopy.
(b) Spectroscopy of the spin-stretched transition (N = 0,MF =
5)i=0 → (1, 6)0. (c) The (1, 6)0 → (2, 7)0 transition. (d) The
(2, 7) → (3, 8)0 transition. (e) The (3, 8)0 → (4, 9)0 transition.
(f) The (4, 9)0 → (5, 10)0 transition. (g) The (5, 10)0 → (6, 11)0
transition. Each spectroscopic measurement is fitted to a sinc
function, where the resonant frequency and Rabi frequency are
free parameters. The gray vertical dotted line indicates the theo-
retical transition frequency extracted from (a) using the param-
eters of Gregory et al., the black dashed lines indicate the tran-
sition frequency extracted using our revised value of Dv. The
numerical values of the theoretical and experimentally measured
transition frequencies are reported in Table I. (h) Rabi oscilla-
tions on the (5, 10)0 → (6, 11)0 transition. In (b-h) the points
are the average of three repeats, error bars show the standard
error and the solid lines show fits to these results.
7age molecules in (0, 5)0, following the spectroscopy pulse we
must reverse the series of pi-pulses to return the molecules
back to N = 0 prior to imaging, as shown in fig. 4.
We perform spectroscopy using this method for rota-
tional states up to N = 6, as shown in fig. 5(b-g). In
addition, fig. 5(h) shows an example of Rabi oscillations on
the highest rotational transition reached, between (5, 10)0
and (6, 11)0, observed by setting the microwaves on reso-
nance and varying the duration of the microwave pulse. We
compare our spectroscopic measurements of the transition
frequencies to those predicted by our model (1), using the
hyperfine coefficients given in Gregory et al.[64], as shown
by the grey dotted lines in fig. 5(b-g). The predictions
using these constants appear to be accurate to less than
5 kHz for each transition frequency, and always provides
an underestimate (χ2red = 200). To estimate the error on
the predicted transition frequencies we use a Monte-Carlo
method. Each parameter is sampled from a distribution
with a mean and standard deviation corresponding to the
best-fit value and error in Gregory et al.[64]. For each set of
parameters, we diagonalise the resulting Hamiltonian and
record the eigenenergies, labelling each eigenstate by the
quantum numbers (N,MF )j . After 100 iterations we com-
pute the mean and standard deviation of the transition
frequencies. This analysis indicates that the uncertainty
on the theoretical predictions of the transition frequencies,
due to uncertainty in the hyperfine constants, is only a few
hundred hertz. We therefore conclude that there is a statis-
tically significant disagreement between the prediction us-
ing these parameters and our experimental measurements
To elucidate this discrepancy, we consider the limitations
of our model in more detail. The parameters that are used
in the model come from a variety of sources. The parame-
ters that make significant contributions to the N = 0 → 1
transition frequencies were extracted by fitting the model
to high-precision microwave spectroscopy [64]. The remain-
ing parameters are either from ab-initio calculations [70] or
from conventional laser spectroscopy [95]. One of the pa-
rameters that we did not fit in our previous microwave spec-
troscopy work was the centrifugal distortion term because
it only contributes h × 800 Hz to the energy of N = 1.
However, because the centrifugal distortion energy grows
as [N(N + 1)]2, this term is far more significant for the
transitions between higher excited states. For example, it
contributes approximately 180 kHz to the N = 5→ 6 tran-
sition frequency. A small change in the value of Dv can
therefore account for the deviations observed for transition
frequencies higher up the rotational ladder, without im-
pacting on the interpretation of our previous N = 0 → 1
measurements. Allowing the centrifugal distortion term to
vary in our fit to the spectroscopy measurements gives a
revised value of Dv = h× 207.3(2) Hz (χ2red = 40). This is
h× 5.7(4) Hz smaller than the value reported by Fellows et
al. [95]. The remaining terms in the Hamiltonian (1) do
not have a large enough impact on the transition frequen-
cies when varied within their respective uncertainties. For
direct comparison we tabulate the experimentally measured
and updated predictions of the transition frequencies in Ta-
ble I
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Figure 6. Key properties of the spin-stretched states
|N,MN = N〉. (a) The polarisability for a λ = 1550 nm
laser, linearly polarised along the magnetic field, as a func-
tion of N . The error bars at N = 0 and N = 1 indi-
cate the experimental error from the values of α(0) and α(2)
measured previously [79]. Inset: The differential polarisabil-
ity, ∆α = α(N) − α(N + 1), between neighbouring rota-
tional states in units of the mean polarisability α¯ = [α(N) +
α(N + 1)]/2. (b) The magnitude of the transition dipole
moment | 〈N ′ = N + 1,M ′N = N ′|µ+ |N,MN 〉 |, in units of the
molecule’s permanent dipole moment (d0 = 1.23 D), as a func-
tion of the rotational quantum number.
In addition to increasing the number of states available,
access to higher-energy rotational states has a number of
benefits for future experiments. For example, the coher-
ence time for superpositions of different rotational states is
often limited by the differential polarisability between the
two states [81–83]. A common approach to eliminate this
source of decoherence is to set the polarisation of the trap-
ping laser at an angle to an applied DC electric field, such
that the difference in polarisability for states with MN = 0
tends to zero [81, 82]. However, this limits the states which
can be used and may not be conducive to certain trap ge-
ometries. We have calculated the polarisability for spin-
stretched rotational states up to N = 10 for the case where
the laser polarisation is parallel to the applied magnetic
field; the results are shown in fig. 6(a). It can be seen
that the difference in polarisability between neighbouring
rotational states reduces as N increases. For N > 7, the
differential polarisability between N and N + 1 is less than
1%. This represents an order of magnitude improvement
over N = 0 and N = 1, and we expect long coherence
times to be accessible without special consideration in the
design of the trap. Furthermore, the magnitude of the tran-
sition dipole moment for the spin-stretched transitions also
rises asymptotically towards d0/
√
2 with increasing N (see
fig. 6(b)). This indicates that interactions such as spin-
exchange can be stronger in higher-energy rotational states,
and the variation with increasing N could be used to tune
the rate of spin-exchange in future experiments.
8Table I. The transitions investigated in fig. 5(b-g) and the centre frequencies extracted from the data. The final two columns show
the transition frequency predicted by our model using the revised value of Dv = h × 207.3(2) Hz and the difference between the
experiment and this value.
Transition Measured Theoretical Deviation (kHz)
(N,MF )i→(N ′,M ′F )j Frequency (MHz) Frequency (MHz)
(b) (0, 5)0→(1, 6)0 980.385 3(4) 980.385 00(14) 0.3(4)
(c) (1, 6)0→(2, 7)0 1960.707 0(2) 1960.705 55(18) 1.5(3)
(d) (2, 7)0→(3, 8)0 2941.032 1(2) 2941.030 6(3) 1.5(4)
(e) (3, 8)0→(4, 9)0 3921.346 3(2) 3921.344 6(4) 1.7(4)
(f) (4, 9)0→(5, 10)0 4901.641 3(3) 4901.640 3(5) 1.0(6)
(g) (5, 10)0→(6, 11)0 5881.910 9(2) 5881.911 7(6) -0.8(6)
VI. CONCLUSIONS
In summary, we have studied multi-level quantum sys-
tems constructed from the rotational and hyperfine states
of ultracold molecules. We have demonstrated how two-
photon Raman transfer may be used to resonantly cou-
ple hyperfine levels of the rotational ground state, while
avoiding population of the first rotationally excited states.
Such control may be useful for initialisation of a quantum
memory. We determined a Ramsey coherence time for a
superposition of the qubit states for such a quantum mem-
ory of 58(9) ms. We then explored the generation of co-
herent dressed states, using a 3-level ladder configuration
of rotational states. Through Autler-Townes spectroscopy,
we have demonstrated the creation and coherent popula-
tion of microwave dressed states in this system, and dis-
cussed how this may be interpreted in terms of future quan-
tum simulations in synthetic dimensions. Finally, we ex-
plore the possibilities afforded by going to higher rotational
states. We have performed spectroscopy of the rotational
states of RbCs up to N = 6, and in doing so have deter-
mined a refined value of the centrifugal distortion coefficient
Dv = h × 207.3(2) Hz. This work contributes to the con-
tinuing efforts to develop more advanced techniques for co-
herent control of the quantum states of ultracold molecules,
which will be crucial for future applications in the fields of
quantum computation and quantum simulation.
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Appendix A: Composition of Hyperfine States
In the main body of the paper we perform experiments on
the rotational and hyperfine states of RbCs at a magnetic
field of 181.5 G. At this magnetic field the good quantum
numbers are the rotational quantum number N and the
projection MF of the total angular momentum. Because
these quantum numbers do not uniquely identify individual
hyperfine sub-levels, we label each by (N,MF )k where k is
an index, starting at k = 0, that counts up in energy at
181.5 G for states with the same values of N and MF .
In Table II, we give the state composition of the relevant
(N,MF )k states in the uncoupled |N,MN ,mRb,mCs〉 basis,
where MN is the projection of N onto the magnetic field
axis and mRb and mCs are the projections of the
87Rb and
133Cs nuclear spins onto the magnetic field axis. The spin
stretched states, (N,MF = N + 5)0, are all represented by
the single nuclear spin state |mRb = 3/2,mCs = 7/2〉.
Table II. The hyperfine states used for the Raman transition
and Ramsey measurements presented in fig. 1 and fig. 2. The
calculations use the coefficients of Gregory et al. [64] and coeffi-
cients are rounded to 1 part in 103. Also included is the (0, 3)0
state which we predict would have a longer coherence time in a
superposition with (0, 4)1.
(N,MF )k Composition in the |N,MN ,mRb,mCs〉 basis
(0, 5)0 1.0 |0, 0, 3/2, 7/2〉
(0, 4)1 0.321 |0, 0, 3/2, 5/2〉+ 0.947 |0, 0, 1/2, 7/2〉
(1, 5)0 0.087 |1, 1, 3/2, 5/2〉 − 0.370 |1, 1, 1/2, 7/2〉
+0.925 |1, 0, 3/2, 7/2〉
(0, 3)0 0.928 |0, 0, 3/2, 3/2〉 − 0.365 |0, 0, 1/2, 5/2〉
+0.074 |0, 0,−1/2, 7/2〉
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